I. INTRODUCTION
Sustainable manufacturing has become a very important issue amongst industries worldwide. Achieving sustainability in manufacturing activities have been recognized as a critical need due to diminishing nonrenewable resources, stricter regulations related to environment and occupational safety, and increasing consumer preference for environmentally-friendly products [1] .
The adoption of sustainable manufacturing offers companies a cost effective route to improve their economic, environmental, and social performance as the three pillars of sustainability [2] . Companies that adopt sustainable practices are able to achieve better product quality, higher market-share, and increased profits [3] .
It has been suggested that sustainable manufacturing must respond to [4] : (i) economical challenges, by producing wealth and new services ensuring development and competitiveness through time; (ii) environmental challenges, by promoting minimal use of natural resources (in particular non-renewable) and managing them in the best possible way while reducing environmental impact; and (iii) social challenges, by promoting social development and improved quality of life through renewed quality of wealth and jobs.
Sustainable manufacturing has to be evaluated based on the triple bottom line of economic, environmental, and social performance [5] as well as to consider their interdependencies [6] .
There are few studies that have identified the key performance indicators for sustainable manufacturing which integrate the triple bottom line of sustainability. However, to the best of author's knowledge, there exists no hierarchical structure to which one can provide insight to the relationship among the key performance indicators. In this research, attempt is made to identify the interrelationships among the indicators. A hierarchical structure model has been developed using the Interpretive Structural Modeling (ISM) methodology.
II. METHODOLOGY
The methodology has three interrelated stages:
Stage 1: Identification of KPIs
This study starts with the development of initial key performance indicators (KPIs) for sustainable manufacturing evaluation in automotive companies through literature review. The initial KPIs have been constructed by integrating manufacturing performance indicators and sustainable manufacturing indicators. The initial KPIs have adopted the triple bottom line of sustainability consisting of environmental, economic, and social performance factors. As a result, the initial KPIs consist of three factors divided into nine indicators were identified [7] as shown in Table I . Table II. In term of factors, social performance is regarded as the highest important factor, followed by economic and environmental performance. For indicators, supplier and quality are the most important indicators. Finally, three factors with a total nine indicators have been proposed as the KPIs for sustainable manufacturing evaluation in automotive companies [8] . 
Stage 3: Conducting ISM survey
An ISM questionnaire was designed and mailed to six senior managers from the automotive companies in Malaysia. Those managers were carefully selected based on their experience in automotive industry. The result is used to develop a hierarchical structure model of the KPIs for sustainable manufacturing evaluation. Details are given in the following section.
III. DEVELOPMENT OF ISM MODEL
ISM is a computer-assisted learning process that enables individuals or groups to develop a map of the complex relationships between many elements involved in a complex situation [9] . It helps build an interaction map to identify the interrelationships between variables. ISM methodology gives a better understanding of a system structure and draws up a useful guideline in generating a graphical representation of the structure [10] .
The following steps show the development of an interpretive structural model of the nine KPIs for sustainable manufacturing evaluation in automotive companies.
A. Structural self-interaction matrix (SSIM)
Six experts were consulted in identifying the relationships amongst the KPIs through ISM survey. In total, 19 direct relationships were confirmed in the survey. The SSIM for the KPIs is given in Table III . 
Supplier -Four symbols are used to denote the direction of relationship between the indicators (i and j): V for the relation from i to j A for the relation from j to i X for both directions, relations from i to j and j to i. O if the relation between the indicators does not appear valid.
B. Initial reachability matrix
The SSIM is transformed into a binary matrix, called the initial reachability matrix by substituting V, A, X, O by 1 and 0 as per the following rules:
• If the (i, j) entry in the SSIM is V, then the (i, j) entry in the reachability matrix becomes 1 and the (j, i) entry becomes 0.
• If the (i, j) entry in the SSIM is A, then the (i, j) entry in the reachability matrix becomes 0 and the (j, i) entry becomes 1.
• If the (i, j) entry in the SSIM is X, then entry for both (i, j) and (j, i) is 1.
• If the (i, j) entry in the SSIM is O, then entry for both (i, j) and (j, i) is 0.
The initial reachability matrix of the KPIs for sustainable manufacturing evaluation is obtained by following the rules above and shown in Table IV.   TABLE IV   INITIAL Proceedings of the 2012 IEEE IEEM
C. Final reachability matrix
The final reachability matrix, shown in Table V , is developed from the initial reachability matrix by incorporating the transitivities using the following equation:
where k denotes the powers and M is the reachability matrix. Note that the reachability matrix is under the Boolean operations. The transitivity is a basic assumption of ISM, which stated that if a variable A is related to B and B is related to C, then A is necessarily related to C [9] . In the table, the driving and dependence power of each indicator are also shown. The driving power is the total number of indicators (including indicator itself) which it may relate. The dependence power is the total number of indicators which may relate to it.
From the table, emission and resource utilization have the highest driver power, but they have the least dependence power. On the other hand, delivery and flexibility have the least driving power, but the highest dependence power. For other indicators, the values for both driver and dependence power are the same. 
D. Level partitions
From the final reachability matrix, the reachability set and antecedent set [11] for each indicator can be obtained. The reachability set consists of the indicator itself and the other indicators, to which it may relate. The antecedent set consists of the indicator itself and the other indicators, which may relate to it. Then, the intersection of these sets is derived for all indicators.
The indicator for which the reachability and the intersection sets are the same is given the top-level indicator in the ISM hierarchy. After the identification of the top-level indicator, it is discarded from the other remaining indicators. This iteration is continued until the level of all indicators is obtained as shown in Table VI . For this case, the process of level partitions involving three iterations. The identified levels of the indicators will aid in building the digraph and the final model of ISM [9] . Then, the final reachability matrix is converted into the canonical (lower triangular) matrix by arranging the indicators according to their determined levels as shown in Table VII.   TABLE VII   CANONICAL 
E. ISM-based model
Based on the relationships given in the canonical matrix, a directed graph (digraph) is generated and the transitivities are removed. The indicators are organized in a hierarchical structure in three levels as shown in Fig. 1 . Delivery and flexibility are regarded as the basic indicators by Malaysian automotive companies in evaluating sustainable manufacturing performance. Emission and resource utilization appear to be the leading indicators in achieving sustainable manufacturing performance. It might be because they are most closely related to the environment factor. In the intermediate level, cost is regarded as the most influencing indicator for sustainable manufacturing evaluation in Malaysian automotive companies. It is followed by quality, supplier, employee, and waste. 
F. MICMAC analysis
The MICMAC analysis is used to analyze the driver and dependence power of the indicators [12] . The indicators are classified into four clusters as shown in Fig.  2 . The clusters are named autonomous, dependent, linkage, and driver, respectively.
It can be seen that there are no autonomous indicators (in first quadrant) in the driver-dependence power diagram. This brings to light the fact that all the indicators are influencing to the sustainable manufacturing performance evaluation in the Malaysian automotive companies. 
